Detailed geological models can now be developed by interpreting different data in a consistent and integrated manner with the advances in computer technology and stochastic methods. Reservoir simulation is important for reducing uncertainties in geological models by history matching with dynamic data. Streamline-based simulation has advantages over conventional finite-difference models in computation speed, accuracy, and visualization. Faster computation is attributed to less frequent solutions of the pressure equation, one-dimensional solutions along streamlines replacing three-dimensional flow calculations, and operator splitting. Streamline-based simulation is particularly suited to repeated history matching for multiple equi-probable geological models. Applications are demonstrated with model development for upscaling, tracer flow simulation, automatic history matching, and dual-porosity modeling.
Introduction
Oil and gas upstream industries are faced with the high risks resulting from the geological uncertainties inherent in all phases of exploration and development of oil and gas fields. Geoscientists and engineers are confronted with the difficult task of reducing and managing uncertainties in structural and stratigraphic characteristics, lithological and petrophysical properties, and dynamic behavior of reservoirs. To solve such problems, significant efforts and progress have been made in recent years in diverse aspects of data acquisition, interpretation and modeling.
Increased computer capabilities (speed, graphics, and database) now allow interpretation of all available data in a consistent and integrated manner. The data to be integrated are derived from seismic surveys, geological interpretation, well logs, core analysis, fluid analysis, well tests, and production. The stochastic approach has been evolved for characterizing and modeling reservoirs with different kinds of data containing uncertainties. The general workflow of integrated interpretation for reservoir modeling has been standardized, to consist of building geological models based on structural and stratigraphic interpretation and petrophysical data, upscaling geological models to flow models, and predictive simulation of dynamic behavior. Simulation is also conducted to constrain and adjust geological models to dynamic data such as pressure-production history, well-test data, and 4D seismic information. This inversion process to optimize the reservoir model is called history matching.
The geological model as well as the flow model of a reservoir can not be uniquely determined in the presence of uncertainties, but several equi-probable models can be constructed. The history matching process is necessary to assess these equi-probable models with dynamic data. However, this is generally time consuming and the effectiveness is highly dependent on the performance of the simulator. Therefore, reservoir simulation by streamline methods has been developed.
Reservoir Simulation
Present commercial reservoir simulation models can be classified according to the recovery processes and reservoir types; (1) black-oil model for primary and secondary recovery in oil reservoirs, (2) compositional model for primary and secondary recovery in gas-condensate and volatile oil reservoirs, and for CO2 and gasmiscible flooding in oil reservoirs (also for CO2 sequestration), and (3) thermal recovery model for steam flooding and in-situ combustion in oil reservoirs. Simulation of all these recovery processes in naturally fractured reservoirs can adopt the available dual-continuum (dual-porosity and dual-permeability) options. Models for simulating chemical flooding have been also developed.
The numerical technique for current simulation models is essentially based on the finite difference method, and the numerical algorithms for solving non-linear flow equations use the fully implicit method and the implicit-pressure explicit-saturation (IMPES) method. The adaptive implicit method is also used. The unknown variables are basically phase pressures and saturations. Phase compositions and temperature are additional variables in the compositional model and thermal recovery model, respectively. Simulation calculates the unknown variables for the individual grid blocks in specified time steps. Therefore, the run time is proportional to the total number of grid blocks multiplied by the number of time steps.
In recent years, the number of grid blocks used in geological models has tended to be large as the order of 10 6 , and flow models for simulation have used 10 4 -10 5 grid blocks even after upscaling. As a result, the whole process of history matching often demands weeks or months, so remarkable improvements in the computing speed of simulators is badly required.
Streamline-based models have evolved rather rapidly under these circumstances. The streamline-based simulation models first define the streamlines, which are curved lines tangential to the fluid velocity vector, and then a series of one-dimensional (1D) flow calculations along the streamlines are conducted instead of two-dimensional or three-dimensional flow calculations.
The advantages of streamline-based flow simulation are (1) the total number of computations is less than that of conventional simulation models, (2) the resolution and accuracy are improved, and (3) flow behavior is readily visualized. The simulation becomes significantly faster because multi-dimensional flow calculations are replaced by 1D calculations along the streamlines. As 1D calculations can be performed with finer grids along the streamlines, saturation and compositions are determined more accurately, and such numerical artifacts as numerical dispersion and grid-orientation effects, inherent in the finite difference method, are mitigated. Fast computation and quantitative visualization make the streamline-based simulation very useful for such new applications as (1) screening of geological model to reduce the number of realizations, (2) upscaling from detailed geological models to flow models of coarser grids, (3) analyzing tracer tests and assessing waterflooding, and (4) semi-automatic history matching 1),2) . The streamline method is also highly functional in compositional models and dual-continuum models.
Methodology of Streamline-based Models
Prior to the current technology of streamline simulation developed in the 1990s, several methods had been proposed. Use of streamlines was first demonstrated for 2D flow models by Muscat and Wyckoff 3) in the 1930s. Time-of-flight was introduced by Fay and Prats 4) in 1951 for computing water-front movement along streamlines in 2D reservoirs. Higgins and Leighton 5) applied a streamtube method in which a 1D conservation equation was solved along each streamtube. Several authors proposed hybrid streamtube methods combining flow behavior in vertical cross-sections with streamtubes in the 2D areal domain 6) 8) . Current streamline-based simulation commonly uses the following basic steps 9) : (1) pressure calculations and tracing of 3D streamlines, (2) computation of particle travel time (time-of-flight) along the streamlines, (3) numerical solutions of the saturation equation along the streamlines, (4) correction for gravity effects in multi-phase flow using operator splitting, and (5) updating the streamline paths to account for changing mobility field and well conditions. The effects of heterogeneity are reflected in the time-of-flight that is used as a coordinate variable along the streamlines.
Considering incompressible oil-water two-phase flow, the conservation equations are written as
The subscript of p in Eqs. (1) and (2) is w (water) or o (oil). Defining the phase mobilities λp = krp/µp (p = w, o), total mobility λt = λw + λo, fractional flow of water fw = λw/λt, total velocity ut = uw + uo, total sink/source term qt = qw + qo, and total gravitational mobility λg = λwρwg + λoρog, the following formulae can be derived for the streamline approach assuming no capillary pressure (pw = po = p):
The well model is expressed as follows, for which either the rate or the bottom-hole pressure is to be specified for each well.
Given a saturation distribution on an underlying grid, Eqs. (3) and (6) are solved simultaneously for the pressure field using the conventional implicit finite-differ-
ence method. The total velocity is calculated at each cell edge using Darcy's law, and streamlines are traced from injectors to producers semi-analytically using the method proposed by Pollock 10) . In the streamline-based model, the conservation Eq. (4) The steps to solve Eq. (9) are (1) The saturation on the grid is mapped to streamlines as a function of time-of-flight τ. If a streamline enters a grid block (i, j, k), that has saturation Sw,i,j,k, with τin and exits with τex, then Sw = Sw,i,j,k for τin < τ < τex.
(2) Equation (9) , where n is the number of streamlines passing the grid block, is the average water saturation along streamline i, qi is the volumetric flux, and ∆τ = τex − τin. (4) Equation (9) ignoring the convective term is solved along the z direction for the water saturation at the new time step. (5) Go to step (1) .
The advantages of the streamline method can be attributed mainly to two aspects. First, the pressure equations are solved less frequently than the saturation equation, leading to less computing time. Secondly, the analytical solution can be applied to the 1D convective equation in step (2) above.
Applications

1. Upscaling
Geological models describing details of a reservoir with multi-million grid cells cannot be used directly for reservoir simulation since conventional simulation models require impractically long computing times. One way to overcome this limitation of conventional simulators is to coarsen the grid size of the geological model and to evaluate effective flow properties for the coarse grids that generate simulation results equivalent to those obtained by the fine grid model. This process is called upscaling, and the degree of upscaling depends on the purpose of simulation.
The basic flow properties of grid cells are porosity and permeability. For upscaling, the porosity of the fine cells contained within a coarse cell is averaged with volumetric weights. However, the permeability of the coarse cells must be evaluated dynamically by flow calculations so that the upscaled models produce simulation results adequately close to the fine grid models. Streamline simulation is suitable both for designing non-uniform grid configuration aligned with streamlines 13) and for validation of the upscaled models readily visualizing streamlines 14) . We have developed a technique for the upscaling application implementing full-tensor permeability and non-orthogonal grids. Figure 1 demonstrates how streamline simulation is utilized to upscale the fine orthogonal grid system to coarse orthogonal and nonorthogonal grid systems 15) . The permeabilities for the 30 × 30 and 12 × 12 grid models, Figs. 1(a) and (b) , respectively, are isotropic diagonal tensors. Figures  1(c) -(e) compare oil saturation distributions computed by IMEX (black oil simulator of Computer Modelling Group Ltd.) and our streamline model. Figure 1(d) illustrates the sharper water front obtained by the streamline model with 30 × 30 grids. The permeability field was further upscaled to a 6 × 6 orthogonal grid model. In this case, the full-tensor permeabilities were obtained as shown in Table 1 with which the streamline model yielded the simulation result shown in Fig. 1(f). Figure 1(g) demonstrates the water-cut performance of the streamline model and IMEX.
2. Tracer-flow Simulation
Tracer tests provide useful data for characterizing reservoir heterogeneities which are reflected in dynamic flow behavior. The tracer test involves injection of a slug containing radioactive and chemical tracers at an injection well, and measurement of transient tracer concentrations at surrounding production wells, which indicates inter-well communication, presence of flow barriers, and preferential flow paths.
Interpretation of tracer tests requires accurate calculation of the transient tracer concentration of the injected slug, which is mathematically modeled by a convection-dispersion equation. Streamline methods are advantageous particularly in minimizing numerical dispersion.
We have developed streamline-based tracer flow models implementing only longitudinal dispersion and both longitudinal and transverse dispersion 16) . In the former model, the following convection-dispersion equation was solved analytically along the streamlines. where C is the tracer concentration, ν is the interstitial velocity, and αL is the longitudinal dispersivity. The boundary layer technique is utilized to solve the equation that takes into account the change of velocity at points along the streamline. The analytical solution for the initial and boundary conditions, C(s, 0) = 0, C(0, t) = C0, C(s→∞, t) = 0, is given in terms of the complementary error function, erfc, as (11) where τ is the time-of-flight as before, and (12) Analytical solutions are applied to individual streamlines and mapped at each time step, so the level of numerical diffusion does not grow as the displacement proceeds. This model was applied to tracer flow at the 5-spot pattern in a homogeneous reservoir. A streamline model using the random-walk method 17) was developed to implement both longitudinal and transverse dispersion. Transverse dispersion is usually difficult to model by the streamline method since it represents dispersion in the direction perpendicular to the flow. The random-walk method moves the streamlines by an amount scaled to the dispersivity. The convective movement of the streamline is treated by the streamline tracing algorithm based on the velocity field, whereas the dispersive movement is treated by a ran- dom motion of the streamlines in directions both coinciding with and perpendicular to the flow. Figure 3 shows tracer concentrations for the staggered line drive (two injectors at lower corners, and a producer at top center) for transverse dispersivity αT = 0 and 1.
3. History Matching
History matching is an inverse process in which the properties of the geological model, porosity and permeability in particular, are tuned so that the simulation results reproduces the measured pressure and production data. Simulation runs in history matching are usually conducted by assigning actual oil production and water rates to the wells, and the calculated bottom-hole pressures, gas-oil-ratios, and water-cuts are matched with the actual well data by adjusting the geological model. This process is normally repeated until satisfactory matching is attained. History matching is important for reducing uncertainties in reservoir characterization, which is crucial for evaluating options of field development and predicting future reservoir performance.
Streamline-based simulation has advantageous features for the application of the history matching process. Fast simulation speed allows effective turnaround of data-matching and property-tuning. The sensitivity of water-cut performance at a well to flow parameters can be evaluated through the individual streamlines.
Several methods have been proposed for history matching by streamline simulation 18) 23) . A simple and quick method uses the time-of-flight to evaluate the changes in permeability. The water-cut curve at a producer can be related to the water breakthrough time (or time-of-flight) of individual streamlines. From the difference between the measured (reference) and calculated water-cut curves, the changes in permeability necessary to match the curves can be calculated. The change in permeability along each streamline can also be estimated, since the breakthrough time of a streamline is inversely proportional to the average permeability along the streamline. Then the permeability modification along each streamline is mapped onto the cells of the simulation grid. By repeating this procedure, history matching is accomplished.
The above procedure is applied separately if changes in the field conditions cause changes in streamlines. Permeability modifications are calculated for each period of the stable field conditions. We introduced the weighting factor of the permeability modification in each period so that individual modifications can be combined to obtain a single modification for each grid block. The weight is calculated in terms of time-offlight as (13) where wij is the weight for permeability of grid block i in period j. The time-of-flight, τij, is the summation of the time-of-flight of all the streamlines that pass through grid block i in the period j, and for all the periods.
We have developed an automatic history matching algorithm using streamline-based simulation for the system in which well conditions (well locations, injection and production rates, bottom hole pressures, etc.) change by time 24) . Figures 4 through 6 demonstrate history matching for synthetic data. Figure 4 shows the changes in streamlines with time for three different well conditions. Figure 5 depicts the reference, initial, and final permeability fields. History matching to the water-cut data is shown in Fig. 6 . We could confirm that adequate matching is rapidly attained with an appropriate initial permeability field.
Naturally Fractured Reservoirs
Fluid flow in a naturally fractured reservoir is physically complex due to the heterogeneity of the matrix rock and fracture networks at different scales. Numerical modeling of naturally fractured reservoirs is commonly conducted by dual continuum methods, in which the fracture and matrix form separate continua that are connected through a transfer function. The streamline-based simulation can be generalized to model flow in naturally fractured reservoirs through the dual porosity and dual permeability formulation 25), 26) . The dual porosity model assumes that the fluid flow in the reservoir occurs through the fracture networks whereas the matrix blocks are connected only through the fractures. In the dual permeability model, flow is also allowed between the matrix blocks.
We have developed a streamline-based dual porosity model with the following formulation 27) .
where the subscripts f and m stand for fracture and matrix, respectively. The transfer function, T, represents the rate of water flow from fracture to matrix, and is defined conventionally as (17) where F is the shape factor. Equation (17) is transformed into the following equation for incompressible water-oil flow by assuming that the capillary pressure in the fracture is negligibly low.
The steps for numerical solutions are (1) With a conventional grid system, the fracture properties, kf, φf, Swf, and the matrix properties, km, φm, Swm, ability was assumed to be heterogeneous as given in Fig. 7(a) , and the matrix permeability was assumed as 1 md. Figures 7(b) -(e) compare the flooding behavior in the fracture and matrix obtained by the streamline model and Eclipse. The streamline model provides sharper fingers than Eclipse.
Summary and Further Work
The current status of streamline-based simulation was described mainly through the models and application systems we have developed. Streamline-based simulation is implemented in integrated reservoir modeling systems commercially available now as a valuable tool for tuning geological models or dynamic reservoir characterization. Streamline models are particularly advantageous for displacement process simulation in heterogeneous reservoirs, such as waterflooding, thermal flooding, and solvent flooding, since we can easily evaluate effects of heterogeneity on the movement of fluid fronts, volumetric sweep, and the degree of connectivity between injectors and producers.
We will further improve and extend our work particularly on the dual-porosity model, tracer flow model, and thermal-flooding model 28) . We are also working on a compositional model and three-phase flow model, for which the streamline method is suitable 29) 32) . 
